Teleoperation rendezvous and docking can be used as a backup for autonomous rendezvous and docking (RVD) for an unmanned spacecraft when the autonomous system is failure or for guiding the chaser docking with an uncooperative target. The theoretical model for analyzing the handling qualities in teleoperation RVD process is established based on the previous studies conducted by National Aeronautics and Space Administration (NASA). The predictive factor is introduced to describe the pilot's predictive ability in the teleoperation tasks with time delay, which interrelates with the skills of a pilot and the predictive assist approach used in the tasks such as the predictive display method. Based on the semi-physical simulation system in our laboratory, 900 experiments at two levels of time delay are carried out by 18 volunteers for validating the established model. The experimental results demonstrate the correctness of the theoretical model and indicate that a skilled pilot has a predictive ability of approximately 0.9 in teleoperation RVD tasks. The theoretical analysis shows that the handling qualities are greatly affected by the time delay and the predictive factor, and it is impossible to achieve a teleoperation RVD task for the skilled pilot when the time delay is larger than 9.0 s.
Introduction 1
The concept of teleoperation rendezvous and docking (RVD) is derived from the teleoperation robot referring to the technique that is used by the operator to control the chaser from a distance to achieve RVD [1] . It's also called teleoperation control [2] , remote control [3] , teleoperation pilot [4] or remote pilot [5] of RVD in some previous references.
There is a distinct need of further research in this area for our space station project, though China has achieved its first RVD experiment between the TG-1 and the SZ-8 on November 3, 2011, because the future space station will use freighter spacecraft for logistic transportations. An unmanned freighter spacecraft re-quires some sort of supporting technology (backup) for autonomous RVD just as the Teleoperatorniy Rezhim Upravleniya (TORU) teleoperation RVD technology used in the International Space Station (ISS). In addition, maybe our future space station runs without astronauts sometimes. Hence, we need a teleoperation RVD system which enables us to teleoperate on the ground control console additionally.
Time delay is one of the most serious problems in the teleoperation RVD tasks. The time delay is about 1-2 s when an astronaut teleoperates the chaser from the space station, and the time delay can range from 5-7 s when the pilot teleoperates from the ground [6] . This large time delay deteriorates the handling qualities of the pilot greatly. However, the handling quality is a critical property that affects the RVD tasks directly.
During the Apollo project, National Aeronautics and Space Administration (NASA) had done lots of researches on the subject of pilot's handling qualities [7] [8] [9] [10] . A large portion of these studies pertain to the handling quality experiments of Apollo Lunar Module.
The studies focused on the space shuttle's handling qualities during its RVD missions in the 1970s. Powers covered space shuttle landing handling qualities, although the use of aerodynamic controls for this flight phase makes it aircraft-like [11] . In 1986, Harper, Jr and Cooper [12] improved the analyzing and evaluating approaches for analyzing the handling qualities based on the experimental results. The studies of handling qualities of aircraft had been extended to those of spacecraft such as the space shuttle [13] . Goodman [14] provided a summary of the evolution of handling qualities in the historical experiments on space shuttle.
Recently, the efforts are dedicated to the handling qualities of the new crew exploration vehicles such as the Orion. The experiments are carried out on these subjects: whether and how the dynamic coupling problem, i.e. the translation controls resulting in the attitude acceleration and the attitude controls effecting the translation similarly, impacts the pilot's handling qualities during the Orion's RVD tasks [15] . Bailey, et al. [16] discussed on the subject of design improvFements on the Orion's reaction control system for more expected handling qualities in low earth orbit. Milgram and Wewerinke [17] considered the pilot to be an ideal model that can predict the states of the spacecraft precisely and can implement desired impulses exactly, when they analyzed the handle qualities during teleoperation RVD.
The handling quality is a critical property in the manual controlled spacecraft forever if we want to achieve the space mission more reliably, more successfully and more precisely. To the best of our knowledge, the theoretical analysis models of handling quality during RVD missions have not been deeply studied yet. Almost all the previous researches focused on the methods for improvements of system design, the approaches for evaluation of the results, and the implement of the experiments itself. Besides, the previous researches did not take time delay into account. The reasons for that may lie in two aspects as listed below:
1) It is difficult or even impossible to model a human's characteristics exactly.
2) There is no or very slight time delay in the manual controlled RVD closed-loop on a manned chaser. The handling qualities are mainly determined by the pilots and the system designs.
However, in the teleoperation RVD task with large time delay, it is possible and valuable to establish a theoretical analysis model for analyzing the handling qualities. Because the variation of pilots who have the similar experiences of training and the similar levels of operation skills, has less influence on the handling qualities compared to the large time delay. Furthermore, with a theoretical analysis model, the designers can reduce the number of experiments for evaluating the handling qualities greatly. The efforts we have done on this subject will be presented in the paper.
Control Structure of Teleoperation RVD
As the chaser is teleoperated by the pilot at distance, the operation command and the telemetry information are transferred via radio, then the inherent time delay in the control closed-loop is inevitable. The control structure of teleoperation RVD is illustrated in Fig. 1 . The pilot teleoperates the chaser based on the delayed feedback video through the control sticks. Then his inputs are interpreted into teleoperation commands and transferred to the chaser via radio. The chaser receives and executes the commands after a semi time delay period.
The control strategy is set to direct controlling mode, i.e., the operating commands continually fire the jet pairs to effect the motions in the commanded axis as long as the sticks are held out of dead band. When the sticks are in the detent, the chaser remains at nearly constant velocity.
Hence, the handling quality depends on the time delay, the estimation precision of the states by the pilot and the control ability of the chaser itself. In this paper, we discuss the former two aspects as the last one is closely relative to the certain chasers.
Analysis Model of Handling Quality

Theoretical analysis model
To begin with the modeling of the theoretical analysis model, we suppose that 1) The translation of the chaser is controlled by teleoperation and the orientation is controlled autonomously. We establish the model for analyzing the handling qualities on translation only in this paper.
2) The control thrusts of translation or orientation do not influence each other.
3) The perturbations such as the J 2 perturbation are ignored in the theoretical model in order to simplify the model without reducing the preciseness of the analyzing results markedly.
In fact, the analysis model of the handling qualities on orientation could be modeled similarly to the modeling process on translation, i.e. the methodology of modeling the translation analysis models could be used as reference for modeling on orientation. However, the analysis model on orientation is more perplexed due to the nonlinearity of the attitude dynamics, and it will have an influence on the translation too.
As illustrated in Fig. 2 , the pilot operates the sticks to control the chaser when he finds that there needs an operation, i.e. the chaser moves out of the threshold boundary X t , which is the least value indicating an offset that can be distinguished by the pilot. The threshold boundary is determined by the judging precision of the chaser's movement by the pilot through the delayed feedback video. The reason is that the pilot's ability to perceive the movement of the chaser through the feedback video is limited. The pilot keeps on operating if he perceives the offset illustrated in the delayed images though the offset is eliminated well in the practical spacecraft. The relative motion of the chaser is described in C-W equation, as listed in Ref. [1] . Also, the theoretical model is derived through referring to Refs. [1] , [18] - [19] . Due to the time delay, the actual state of the chaser currently is X 1 in Eq. (1) if the actual relative state of the chaser is X c at the time of the delayed image being captured. 
where the symbol c means cos(nt) and s means sin(nt). n is the angular rate of the orbit.
T is the relative state of the chaser which is defined in the orbit coordinate system [1] . ĭ(t d +t f ) is the state transfer matrix. t d and t f are the unidirectional time delay and the reflection time of the pilot respectively. Usually, X c X t .
The pilot teleoperates the chaser to eliminate the offsets. He would stop operating only if he perceives that his inputs are enough to correct the offsets by mind or stop operating until the delayed image shows that the offset is corrected. However, the chaser would be over controlled in the last case because the image is delayed. The ability of predicting the desired inputs for correcting the offsets varies with time delays, the skillful levels of pilots, etc.
In order to describe this characteristic, we define a predictive factor k that describes the pilot's ability of predicting the states and inputs needed. It means that the pilot has no predictive ability, i.e., he would not stop operating until the delayed image shows that the chaser is moving with desired state when the factor is k=0. On the contrary, he would predict the needed input impulses exactly if the factor is k=1. The factor lies in the pilot, the time delay, and the assisted approaches such as the predictive display approach.
When the commands are received and executed in the chaser, the practical state of the chaser is X 2 as the chaser flights freely at the nearly constant velocity that described in Eq. (2).
It is supposed that the operating duration for eliminating the offset is t e . Thus, the control process is 3 e 2 e e ( ) ( ) ( )
where B(t) is the control input matrix, and u(t)=[a x a y a z ] T the control acceleration matrix. When the control accelerations indicated in Eq. (3) are executed, the chaser should fly into the threshold boundary.
However, as the feedback video is delayed, the pilot would keep on operating with some extra input which depends on his predictive ability mainly, i.e. u((1ík)t d ), and the chaser will flight freely during the remaining time of the time delay period, i.e. kt d until another intervention is input. Hence, the final state
T of the chaser with these control inputs is
where
By substituting Eqs. (1)- (3) into Eq. (4), we can determine the final state:
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It is indicated in Eq. (6) that the chaser can be controlled within the boundary defined by X f . The boundary X f is determined by X c and the control input which has direct relationships with k.
The desired final state
T for docking is summarized into Table 1 [20] . According to the theoretical analysis model, the teleoperation RVD task could be achieved only if the final state is within the desired boundary, i.e. X f dX d . The symbol "d" means the absolute value of elements of X f are less than the absolute value of the corresponding elements of X d .
For analyzing the handling qualities, X c can be set to X t , because X t is the theoretical ability that a pilot would have to detect the motion of the chaser as possible as he can.
Threshold value model
The threshold value X t can be surveyed from NASA's manual controlled RVD experiments for manned chaser without time delay [7] [8] [9] : 1) The probability of detecting spacecraft motion is at the 90% level when the spacecraft's image in the monitor changes at the rate of 0.025 in/s (1 in/s=2.54 cm/s) with reticle cues (with a 12 in standard monitor).
2) The visual angle required for lateral position offset detection with 0.90 probability ranges from 5c for a 32 dB signal-to-noise ratio, to nearly 20c for a digital transmission system with signal-to-noise ratio of 15 dB.
We derive the threshold value model of lateral velocity first as the approaching velocity is allowed to vary within a much huge range, as indicated in Table 1 . Secondly, the threshold model of lateral position offset is derived. In order to simplify the deriving process, we derive the model in the direction of Y axis as an example including the velocity threshold and the position threshold. The models in the direction of Z axis can be achieved similarly.
To start with, we transfer the image changing rate in the monitor to the actual velocity of the spacecraft in the space. The relationship between the image changing rate and the lateral angular rate is drafted as Fig. 3 .
The focused point, as shown in Fig. 3 , refers to the point to which the pilot pays attention for detecting the motion such as the cross drone. The field of view angle is marked as A and the width of monitor is marked as D. Hence, the relationship between the image changing rate and the lateral angular rate can be achieved using the theory of the camera's formation of image. Fig. 3 Schematic diagram of relationship between image changing rate and lateral angular rate.
where v p is the image changing rate in the monitor. l indicates the lateral offset of the focused point along to the direction of X axis on the monitor (screen) and r, the theoretical distance of the camera's formation of image, as illustrated in Fig. 3 . ȡ is the practical distance between the camera and focused point on the chaser along the direction of sight. Į is the lateral angle between the direction of the focused point and the direction of sight.
By substituting Eqs. (7)- (8) into Eq. (9), we can determine the lateral angular rate:
Actually, the lateral velocity of the chaser in the space is v r . 
It is supposed that the field of view angle is 20° and the monitor is 12 in. By substituting the image changing rate v p =0.02 in/s=0.063 5 cm/s into Eq. (11), the threshold value with a 0.90 detecting probability in Y axis is įv y90 . 
The motion could be detected at the probability 0.90 at this threshold value. We assume that the probability could increase up to 0.99 if the threshold value is įv y99 =1.1įv y90 . 
The detection of the lateral position offset mainly depends on the visual angle deviation įĮ, i.e. the angle deviation of focused point from the direction of sight. Then, the lateral position offset įy can be derived from the angle deviation as listed in Eq. (14) .
According to the experiments by NASA, the mean visual angle required for detection of lateral position offset with 0.90 probability is12.5c , i.e. 0.208 33°. Then 
Similar to the threshold value of velocity, the detecting probability could increase up to 0.99 if the threshold value įy 99 =1.1įy 90 . 
The threshold value models in the direction of Z axis can be achieved similarly. 
The reflection time of the pilot is about 0.2 s, i.e. t f =0.2 s, according to Ref. [8] .
Theoretical Simulation
We investigate the handling qualities based on the theoretical model by simulation first. Then, the simulation results will be validated compared with the experiments in Section 5. The experiments are carried out by 18 volunteers for 900 times at different levels of time delay. If the theoretical simulation results do agree with the experiment results, then the correctness of model could be demonstrated. In the practical project, we would need to carry out limited experiments to determine the predictive factor, and then the handling qualities of the practical spacecraft system could be analyzed.
The theoretical simulation begins with that the delayed image is corresponding to the threshold boundary, and the pilot should eliminate the offsets. It is supposed that the chaser is initially at a distance of 1 m relative to the target and approaches the target at the rate of 0. In Fig. 4 , the vertical axis įv y refers to the lateral velocity of the pilot's handling quality with different time delays and predictive factors. įy in Fig. 5 means the lateral position of the pilot's handling quality along Y axis.
The symbols in Fig. 6 , i.e. įv z and įz, have the same meanings as įv y and įy but along Z axis. Figure 4 shows that the handling qualities in lateral velocity along R-Bar are approximately linear to the time delay and are greatly affected by the predictive factor. As shown in Fig. 5 , the handling qualities in lateral position along R-Bar relate to the time delay in the form of parabola. They are greatly affected by the predictive factor k as the lateral velocity. The handling qualities vary very slowly when the predictive factor is equal to 1.
Hence, the predictive ability is a critical parameter that should be considered in the teleoperation RVD tasks. The predictive ability interrelates with the skills of a pilot and the predictive assist approaches used in the tasks such as the predictive display approach.
The handling qualities in both lateral position and lateral velocity along Z axis are similar to the situations along Y axis, as shown in Fig. 6 .
The above analysis shows that the handling qualities are greatly affected by the time delay and the predictive factor. 
Experimental Validation
Experimental validation environment
In order to verify the proposed theoretical analysis model, a semi-physical simulation system is developed in our laboratory. The simulation system is developed upon a 9 degrees of freedom (9-DOF) dynamics simulator which provides a 9-DOF motion platform for the range of 10 m×2 m×2 m and a teleoperation console with two joysticks, as shown in Figs. 7(a)-7(b) . A camera which has the same properties of the practical RVD camera is fixed on the one side of the dynamics simulator; and a scaled physical model of the target is fixed on the other side. A reflection memory network realizes the flow of information between subsystems such as the telemetry images from the camera, whereas the time delay is simulated through a designed software algorithm. The 9-DOF dynamics simulator is used as a simulation platform of the two spacecraft movements. The teleoperation console is the interactive device for operating and displaying. All experiments are carried out upon this semi-physical simulation system.
In our experiments, we employ a scaled experiment method. The scaled rate of the models is 3:1 as shown in Fig. 7(a) .
Experimental results
In the experiments, the initial state is set to . The environmental perturbations such as the J 2 perturbation are considered in the experimental environment and thrust deviations are ignored. The experiments are carried out by 18 volunteers under the time delay of 2 s and 6 s respectively for 450 times each. The volunteers receive a detailed introduction on the experiment background and objectives, flying task and control system. They have been trained for 2 s and 6 s operations, 40 times each before the practical experiments. And also, they have been told some operating skills and the theoretical properties of the relative movements such as the property of the relative movements based on the C-W equation.
The volunteers are told to achieve the missions as possible as they can with feedback television images only. An experiment is considered to be finished when the distance between the camera and the cross drone is approximately 1 m and the experiment is considered to be achieved only if the final state of the chaser is within the boundary listed in Table 1 .
The teleoperation experiments are equal to the space based teleoperation RVD experiments such as the tasks on the TORU when the time delay is 2 s, i.e., there is a slight time delay in the closed-loop. Then, the experiments are similar to the ground-based teleoperation RVD with a 6 s time delay.
The distribution of the final position offsets of the whole 450 experiments with 2 s time delay is shown in Fig. 8 . The distribution of the final position offsets of the whole 450 experiments with 6 s time delay is shown in Fig. 9 . As illustrated in Fig. 9 , the final position offsets įy and įz are |įy|<0. 
Discussion on the results
The results of the whole 900 experiments are summarized into Table 2 . It is indicted that the average handling qualities of the 450 experiments with 2 s time delay is approximate to the theoretical analytical result with a predictive factor k=0.90. And the average handling qualities of the 450 experiments with 6 s time delay is approximate to the theoretical analytical result with a predictive factor k=0.91. It demonstrates that a skilled operator has a predictive factor approximately 0.90 to teleoperate the chaser for RVD tasks. The values of individual predictive factor k of the volunteers are presented in detail as listed in Table 3 . The values of the predictors shown in Table 3 are determined according to the individuals' average 25 times experiments. We work out the average lateral velocity and position offsets of the 18 volunteers at different levels of time delay respectively; then, the averages are compared to the theoretical analysis results to determine their predictive factors. In order to present the paper into some limited length, we leave out the individually exhaustive analytical results of the lateral velocity and position offsets but present the details of the predictive factors. The table shows that the predictive factor varies slightly according to different volunteers. It means that the operators who have the similar levels of operating skills would have the similar predictive No.4
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· 629 · abilities in the teleoperation RVD tasks.
As analyzed above, we suppose that a skilled pilot would have a predictive factor k=0.905. Then, he can achieve a teleoperation RVD task when the time delay is less than 9.0 s according to the established theoretical model, and the correspondingly final deviation are listed below in Eqs. (18)- (19) .
The lateral residual velocity is The experimental results validate the correctness of the proposed theoretical analysis model.
According to the analysis of the theoretical simulation and the experimental results, the velocity of the chaser could be controlled much more easily and precisely compared with the position. Even though the time delay is 9.0 s and the position offset is out of the desired boundary as shown in Eq. (19) , the lateral residual velocity is only 2 2 0.026 34 m/s y z v v G G as shown in Eq. (18) . The reason for it is that the control input is the duration of thrust Fǻt, i.e. the thrust F multiply the duration ǻt. In other words, the control input is the velocity increment. And the position is an integral relationship to the velocity. Besides, the pilot would employ a "move-and-wait" operation strategy, which diminishes the handling quality on position but enhances it on velocity [21] .
Conclusions
1) In the current study, a theoretical analysis model is established to analyze the handling qualities theoretically, and a predictive factor, which defines the ability of the pilot to predict the states of the chaser and the input impulses needed, is introduced into the theoretical analysis model.
2) Totally 900 experiments are carried out for verifying the established model. The experiment results should validate the correctness of the model and demonstrate that a skilled pilot would have a predictive factor approximately 0.9 for evaluating his handling quality. And the velocity of the chaser could be controlled much more easily and precisely compared with the position.
3) The time delay and predictive ability affect the handling qualities greatly. It is impossible to achieve a teleoperation RVD task for a skilled pilot when the time delay is larger than 9.0 s. So, we should try to improve the pilot's predictive ability as best as we can. The predictive display approaches and the predictive control approaches would contribute to it well.
In the future, we will carry out more experiments with various levels of skilled pilots to identify the predictive factors of the different groups. In that case, the theoretical analytical results can adapt to various pilots and the results can be used to evaluate the pilots' teleoperation abilities. In addition, as we only study on handling quality along the translation motions in this paper, the analyzing models of the handling qualities along the orientation and the couple of them should be studied too.
